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The  control  of  the  polarity  of  metalorganic  chemical  vapor  deposition  grown  AIN  on  sapphire  is 
demonstrated.  Al-polar  and  N-polar  AIN  is  grown  side-by-side  yielding  a  lateral  polarity  structure. 
Scanning  electron  microscopy  measurements  reveal  a  smooth  surface  for  the  Al-polar  and  a 
relatively  rough  surface  for  the  N-polar  AIN  domains.  Transmission  electron  microscopy  shows 
mixed  edge-screw  type  dislocations  with  polarity-dependent  dislocation  bending.  Raman 
spectroscopy  reveals  compressively  strained  Al-polar  and  relaxed  N-polar  domains.  The  near  band 
edge  luminescence  consists  of  free  and  bound  excitons  which  are  broadened  for  the  Al-polar  AIN. 
Relaxation,  better  optical  quality,  and  dislocation  bending  in  the  N-polar  domains  are  explained  by 
the  columnar  growth  mode.  ©  2013  AlP  Publishing  LLC.  [http://dx.doi.org/10. 1063/1 .4804575] 


AIN  is  an  interesting  material  for  numerous  optical  and 
electronic  applications.  Most  devices  that  have  been  demon¬ 
strated  on  AIN  have  been  grown  on  the  Al-polar  face  since 
this  anionic  polar  orientation,  comparable  to  GaN,  InN,  or 
ZnO,  is  characterized  by  low  unwanted  impurity  incorpora¬ 
tion,  which  eases  doping  possibilities.'’^  However,  especially 
for  electronic  applications  and  sensors,  N-polar  AIN  may 
have  advantages. In  addition,  if  the  N-polar  AIN  is  grown 
side-hy-side  to  the  Al-polar  material,  a  lateral  polarity  struc¬ 
ture  can  he  fabricated.  Such  lateral  control  of  the  polarity 
could  ultimately  lead  to  a  new  class  of  devices  similar  to 
those  predicted  for  GaN.^  This  could  include  high-power  and 
high-frequency  field  effect  transistors,  efficient  ultraviolet 
(UV)  light  emitting  diodes,  or  UV-laser  light  generation  via 
frequency  doubling.®  A  few  prerequisites  are  lateral  control 
on  the  micrometer  or  even  nanometer  length-scale,  growth 
of  high  quality  AIN  layers  of  either  polarity,  growth  rate  con¬ 
trol  of  adjacent  domains,  and  sharp  interfaces  between  the 
domains  of  opposite  polarities. 

In  this  paper,  we  demonstrate  simultaneous  growth  of  Al¬ 
and  N-polar  AIN  on  sapphire  using  a  patterned  low  tempera¬ 
ture  (LT)-AIN  buffer  layer,  thus  yielding  a  lateral  polarity 
structure  with  a  controlled  domain  size  down  to  5  pm.  These 
lateral  polarity  structures  were  investigated  using  scanning 
electron  microscopy  (SEM),  transmission  electron  microscopy 
(TEM),  Raman  spectroscopy,  and  photoluminescence  meas¬ 
urements.  In  contrast  to  the  Al-polar  domains,  which  are 
found  to  be  grown  fully  coalesced,  a  columnar  growth  mode 
of  the  N-poIar  films  with  partial  coalescence  is  observed.  This 
variation  in  the  growth  mechanism  is  established  as  the  origin 
of  an  observed  decreased  strain,  dislocation  bending,  and  bet¬ 
ter  optical  quality  of  the  N-polar  domains. 

In  order  to  control  the  polarity,  a  LT-buffer  layer 
was  grown  at  650  °C.  The  buffer  layer  was  patterned  by 
reactive-ion  etching.  Subsequent  growth  of  high  temperature 
(1250°C)  AIN  resulted  in  Al-polar  domains  in  areas  with  an 


underlying  LT-AIN  layer  and  N-polar  AIN  where  the  buffer 
layer  was  removed,  similar  to  the  polarity  control  schemes 
already  demonstrated  for  GaN.^  Following  the  patterning, 
600  nm  thick  AIN  was  grown  hy  metalorganic  chemical 
vapor  deposition  at  80  Torr  in  a  hydrogen  atmosphere  with  a 
NH3  and  trimethylaluminium  mass  flow  of  4.46mmol/min 
and  21  qmol/min,  respectively.  Domain  sizes  ranging  from 
5  pm  up  to  5  mm  were  achieved  for  both  domain  types,  as 
determined  by  the  mask  feature  size. 

KOH  etching  was  performed  at  70  °C  for  1  min  to  verify 
the  different  polarities  of  the  patterned  AIN  film.*  Figure  1 
shows  an  optical  micrograph  of  the  50  pm  wide  stripes  with 
periodically  oriented  Al-polar  and  N-polar  AIN  stripes 
before  (top)  and  after  (bottom)  KOH  etching.  While  no  etch¬ 
ing  is  observed  on  the  Al-polar  domains,  a  complete  removal 
of  the  N-polar  film  is  observed.  This  finding  is  consistent 


FIG.  1 .  Optical  image  of  the  surface  of  an  AIN  layer  with  stripes  of  alternat¬ 
ing  polaiity  before  (top)  and  after  (bottom)  KOH-etching.  Due  to  the 
polarity-dependent  etching  rate  of  AIN,  the  Al-polar  surface  did  not  undergo 
change  under  the  etching  while  the  N-polar  film  was  removed  completely. 
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with  the  etching  rate  of  approximately  1400nm/min  for  the 
N-polar  AIN  versus  2nm/min  for  the  Al-polar  material  and 
proves  a  successful  side-by-side  growth  of  polarity-pure 
N-polar  and  Al-polar  AIN  domains. 

The  darker  color  of  the  N-polar  domains  in  the  optical 
image  in  Figure  1  corresponds  to  a  different  surface  mor¬ 
phology  and  strong  scattering  on  the  N-polar  surface.  SEM 
images  were  recorded  in  order  to  investigate  the  surface  mor¬ 
phology  and  the  layer  structure  in  detail.  A  typical  SEM 
image  of  the  region  around  the  inversion  domain  boundary 
between  the  two  polarities  is  shown  in  Eigure  2.  In  accord¬ 
ance  with  results  known  from  GaN,  the  Ill-polar  layer  is 
fully  coalesced  and  exhibits  a  smooth  surface  with  few 
defects.^  Atomic  force  microscopy  reveals  step  flow  mor¬ 
phology  with  root  mean  square  (RMS)  values  of  0.3  nm  on  a 
5x5  pm  area  scan  (not  shown).  In  contrast,  the  N-polar  film 
exhibits  a  columnar  structure  that  is  coalesced  near  the  bot¬ 
tom.  X-ray  diffraction  (XRD)  measurement  of  the  N-  and 
Al-polar  regions  revealed  a  comparable  full  width  at  half 
maximum  of  the  (002)  and  (102)  peaks  of  300-400  arc  sec 
and  850  arc  sec,  respectively,  indicating  a  low  mosaicity 
of  both  types  of  domains.  Thus,  the  columnar  structure 
observed  for  the  N-polar  domains  seems  to  be  well  ordered 
and  aligned.  The  changed  layer  structure  of  the  N-polar  film 
is  interpreted  as  a  change  of  the  growth  mode.  A  two- 
dimensional  growth  mode  is  expected  for  the  Al-polar  film, 
while  N-polar  AIN  lends  lo  grow  in  a  3D  columnar  morphol¬ 
ogy  leading  to  a  rough  surface  with  RMS  values  around 
15  nm.^*^’^^  The  boundary  between  the  Al-  and  N-polar  AIN 
is  well  defined.  Even  for  the  smallest  feature  sizes  (5  pm), 
very  sharp  interfaces  and  well-defined  domains  were 
observed,  indicating  that  even  smaller  features  sizes  are  pos¬ 
sible  in  the  future,  which  is  important  for  applications  of  the 
AIN  lateral  polarity  structures.  Cross-sectional  SEM  micro¬ 
graphs  revealed  a  height  difference  between  the  two  Aims  of 
opposite  polarity  of  10-30  nm,  which  is  mainly  assigned  to 
the  thickness  of  the  underlying  AlN-buffer  layer.  This  find¬ 
ing  highlights  an  equal  growth  rate  of  the  Al-polar  and 


FIG.  2.  SEM  micrograph  (60°  tilt)  of  a  600  nm  AIN  layer  with  areas  of  op¬ 
posite  polarity.  The  N-polar  domain  consists  of  multiple  columnar  features 
that  are  coalesced  at  the  bottom.  In  contrast  the  Al-polar  film  is  fully  coa¬ 
lesced  with  a  smooth  surface. 


N-polar  AIN  for  typical  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD)  conditions,  which  is  in  contrast  to  earlier 
findings  in  GaN.^’^ 

TEM  cross-section  samples  were  prepared  using  a  FEI 
3D  Quanta  FEG  Focused  Ion  Beam  system.  Transmission 
electron  microscopy  was  performed  with  a  JEOL  2000FX 
operating  at  200  kV.  Figure  3  displays  bright  held  TEM 
images  of  a  lateral  polarity  boundary  with  the  g-vector  chosen 
parallel  (top)  and  perpendicular  (bottom)  to  the  c-axis.  As 
observed  with  SEM,  the  N-polar  domain  consists  of  many 
“nano”-columns  that  are  well  coalesced  within  the  first 
300-400  nm  and  partially  separated  towards  the  surface.  The 
diameter  of  the  columns  is  estimated  to  100-200  nm.  Within 
the  N-polar  region,  a  few  V-like  structures  are  observed 
(white  arrows).  Similar  structures  were  previously  observed 
by  Jasinski  et  al.  and  Romano  et  al.  in  AIN  and  GaN  and  were 
identified  as  inversion  domains  (IDs)  using  KOH  etching  and 
convergent  beam  electron  diffraction.'^’'^  This  identification 
as  inversion  domains  was  confirmed  by  scanning  tunneling 
electron  microscopy  measurements  which  clearly  revealed  a 
polarity  change  to  the  Al-polar  orientation  in  the  N-polar  do¬ 
main  (not  shown).  The  observed  IDs  grew  under  an  angle  of 
approximately  4°  which  is  comparable  to  the  angle  observed 
by  Jasinski  et  al.  All  IDEs  are  formed  on  top  of  voids  in  the 
sapphire  with  diameters  of  lOnm  (Eigure  3,  white  circles). 
The  origin  of  these  voids  has  been  previously  attributed  to  the 
decomposition  of  sapphire  due  to  the  high  temperatures  at 
which  the  samples  were  grown.'"'  Interestingly,  similar  voids 
are  not  only  observed  underneath  the  N-polar  domain  region 
but  also  in  the  Al-polar  domain.  However,  the  voids  have  no 
influence  on  the  growth  of  Al-polar  domains.  In  addition  to 
the  voids  and  IDs,  dislocations  are  observed.  Both  polar 
domains  contain  a  low  density  of  screw-type  dislocations; 
most  dislocations  are  of  mixed  type.  The  dislocation  density  is 
observed  to  be  around  1  x  lO'^cm^  and  is  similar  in  both  the 
Al-  and  N-polar  domains.  Both  values  are  comparable  to 


FIG.  3.  Bright  field  TEM  image  of  the  AIN  layer  in  the  region  of  the  inver¬ 
sion  domain  boundary  with  the  N-polar  film  (left)  and  the  Al-polar  film 
(right)  recorded  with  the  g  vector  chosen  parallel  (top)  and  pei*pendicular 
(bottom)  to  the  c-axis.  Aitows  indicate  inversion  domain  boundaries  in 
N-polar  AIN,  and  circles  mark  positions  of  voids  in  the  sapphire  substrate. 
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typical  dislocation  densities  previously  reported  for  N-  and 
Al-polar  AIN  on  sapphire. For  the  N-polar  films,  most  dis¬ 
locations  undergo  bending  near  the  sapphire  interface  leading 
to  a  strongly  reduced  dislocation  density  at  the  film  surface.  In 
confrast,  in  fhe  Al-polar  AIN,  fhe  bending  is  not  as  pro¬ 
nounced.  This  difference  is  expected  to  arise  from  the  differ¬ 
ent  growth  modes  between  the  two  polar  domains.  The 
N-polar  domains  columnar  growth  mode  leads  to  lower  strains 
as  relaxation  occurs  through  surface  roughening  and  3D 
growth,  which  allows  for  dislocation  bending  near  the  free 
surfaces  offered  by  the  columnar  geometry. 

In  order  to  estimate  the  strain  in  the  Al-  and  N-polar 
domains,  Raman  spectroscopy  investigations  were  performed. 
Figure  4  shows  Raman  spectra  recorded  for  both  domains. 
Due  to  the  limited  lateral  resolution  of  micro  Raman  spectros¬ 
copy,  no  spectra  could  be  obtained  from  the  inversion  domain 
boundary.^  Spectra  were  recorded  at  room  temperature  in 
z(xx)z  geometry.*®  The  non-polar  E2(high)  mode  can  be  used 
to  estimate  the  strain  in  the  layers  if  the  position  of  strain-free 
AIN  at  656  cm” *  is  considered.*®  The  position  of  the  E2(high) 
mode  in  the  Al-polar  domain  is  653.3  cm” *  indicating  a  ten¬ 
sile  strain  around  0.6  GPa  and  657.3  cm”*  in  the  N-polar 
region  indicating  a  small  compressive  strain  around  0. 1  GPa, 
respectively.*^  This  finding  is  supported  by  the  XRD  meas¬ 
urements  and  confirms  the  conclusions  made  from  the  TEM 
analysis.  Due  to  the  large  lattice  mismatch  between  the  AIN 
and  sapphire,  the  fully  coalesced  Al-polar  layer  is  highly 
strained  with  an  increased  dislocation  density  leading  to  only 
partial  relaxation.  In  contrast,  the  N-polar  AIN  exhibits  only  a 
relatively  small  compressive  strain,  which  is  related  to  the  3D 
growth.  In  addition  to  the  E2(high)  mode,  the  Ai(LO)  mode  is 
allowed  in  the  applied  Raman  geometry.  A  slight  shift  and 
broadening  is  observed  if  the  signals  from  the  Al-  and 
N-polar  domains  are  compared.  However,  the  shift  as  well  as 
the  broadening  are  negligible  and  can  be  simply  explained 
with  the  difference  in  the  strain  level.*** 

Low  temperature  (5  K)  photoluminescence  spectra  were 
recorded  using  an  ArE  (193  nm)  laser,  a  0.75  m  monochroma¬ 
tor,  and  a  charged  coupled  device  detector.  Two  representative 
spectra  of  the  near  band  edge  luminescence  for  the  two  domain 
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FIG.  4.  Room  temperature  Raman  spectra  of  the  Al-polar  and  N-polar 
domains  recorded  in  z(xx)z  geometry. 


types  are  shown  in  Eigure  5(b).  In  the  N-polar  domains,  the 
main  peaks  are  identified  as  fhe  free  A-excifon  (EXa)  around 
6.034  eV,  a  silicon  related  donor  bound  exciton  (D**X)  at 
6.012,  and  their  corresponding  phonon  replicas  around 
5.92  eV.*^’^°  This  assignment  is  confirmed  by  the  energy  value 
as  well  as  temperature  dependent  photoluminescence  meas¬ 
urements.  Interestingly,  the  free  exciton  emission  is  dominat¬ 
ing  the  spectrum  even  at  low  temperatures.  This  is  not 
expected  as  all  excitons  are  expected  to  be  bound  to  impurities. 
However,  similar  observations  were  made  for  AlN/sapphire 
before  but  not  for  homoepitaxially  grown  layers,  and  more 
detailed  investigations  will  be  needed  in  the  future  to  explain 
this  unexpected  observation.^*  The  Al-polar  domains  have  the 
same  emission  lines  as  the  N-polar  domains,  but  they  are  con¬ 
siderably  shifted  to  higher  energies  and  broadened  (e.g.,  FXa 
from  14.3  meV  to  22.3  meV)  suggesting  a  higher  optical  qual¬ 
ity  of  the  N-polar  domains.  Such  broadening  would  be  typi¬ 
cally  explained  by  a  decreased  crystal  quality  of  the  Al-polar 
film,  which  may  lead  to  increased  carrier  scattering  at  struc¬ 
tural  defects,  and,  thus,  decreased  carrier  lifetimes.  However, 
XRD,  TEM,  and  Raman  do  not  support  such  conclusion  as 
they  indicated  comparable  crystal  quality.  It  may  be  argued 
that  the  increased  optical  quality  of  the  N-polar  film  is  related 
to  the  columnar  structure,  but  further  investigations  will  be 
necessary  to  clarify  this  conclusion.  Following  the  results 
from  Pantha  et  al.,  the  shift  to  higher  energies  is  consistent 
with  the  compressive  strain  as  observed  by  Raman  spectros¬ 
copy.^^  Finally,  the  deep  defect  luminescence  shows  a  one 
order  of  magnitude  increase  of  the  intensity  of  the  emissions  at 
3.5  eV,  3.2  eV,  and  4.4-4.7eV  for  the  N-polar  AIN  (Figure 
5(a)),  which  were  assigned  to  silicon,  oxygen,  and  Al- 
vacancies,  respectively This  indicates  that  comparable  to 
GaN  or  InN,  increased  point  defect  incorporation  occurs  on 
the  anion  side  of  polar  AIN  or  increased  incorporation  of  non- 
radiative  defects  occurs  on  the  cation  side  of  AIN.^® 

In  conclusion,  AlN-based  lateral  polarity  structures  were 
grown  by  MOCVD  on  sapphire  substrates.  Control  of  the  po¬ 
larity  was  achieved  by  using  a  patterned  low  temperature 
AIN  buffer  layer:  Al-polar  domains  grew  on  top  of  the  LT 


Energy  (eV) 


FIG.  5.  Low  temperature  (5  K)  photoluminescence  spectra  of  the  Al-polar 
and  N-polar  AIN  film  in  the  region  of  deep  defect  luminescence  (a)  and  the 
free  and  bound  excitons  (b).  Note  the  different  scaling  of  the  y-axis  of  the 
graphs.  For  clarity,  the  near  band  edge  luminescence  signal  was  normalized 
and  shifted  vertically. 
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buffer  while  N-polar  domains  grew  on  bare  sapphire.  SEM 
and  TEM  images  revealed  a  columnar  appearance  of  the 
N-polar  domains,  suggesting  a  3D  growth  mode.  This  growth 
mode  is  responsible  for  the  decreased  strain  and  better  opti¬ 
cal  quality  of  the  N-polar  domains.  The  results  presented 
within  this  work  will  allow  for  a  new  class  of  AlN-based  lat¬ 
eral  polarity  devices  similar  to  those  proposed  for  GaN. 
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